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O R I G I N A L  R E S E A R C H
Experimental removals reveal dietary niche partitioning 
facilitates coexistence between native and introduced 
species






























3.	 We	conducted	experimental	 removals	of	 introduced	Abert’s	 squirrels	and	used	
stable	isotope	analysis	of	diets	before	and	after	removals,	and	of	diets	in	naturally	
syntopic	 populations	 to	 test	 the	 hypothesis	 that	 dietary	 niche	 partitioning	 can	
facilitate	coexistence	between	native	and	introduced	species.	We	also	developed	








MGRS	 habitat	may	 intensify	 competition	 in	 poor	 years,	 and	 territorial	 defense	
against	 non‐native	 Abert’s	 squirrels	 likely	 imposes	 fitness	 costs	 on	 individual	
MGRS.	Similarity	in	our	model	species’	diets	may	make	MGRS	more	vulnerable	to	
competition	 if	 climate	 change	 eliminates	 the	 advantages	 of	 larder‐hoarding.	
Where	introduced	populations	of	ecologically	similar	species	are	better	adapted	
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1  | INTRODUC TION
Invasive	 species	 are	 permanent	 components	 of	 most	 ecosystems	
(Vitousek,	Mooney,	Lubchenco,	&	Melillo,	1997)	and	understanding	
the	effects	of	competition	between	invaders	and	ecologically	similar	
natives	 is	 important	 to	conserve	biodiversity	 (Davis,	2003).	Unlike	
invasive	predators,	which	have	directly	caused	extinctions	of	native	
species	 (Sax	&	Gaines,	2008),	competitive	exclusion	by	 invaders	 is	
challenging	 to	quantify	because	 it	may	not	be	directly	observable	
and	population	declines	may	have	multiple	causes	(Sax	et	al.,	2007).	
Native	 wildlife	 population	 declines	 due	 to	 invasive	 species	 have	
been	documented	 (Herbold	&	Moyle,	1986;	Petren	&	Case,	1996),	










take	 advantage	of	 novel	 resource	 opportunities	 (Shea	&	Chesson,	
2002)	and	competitively	exclude	native	species	(Mooney	&	Cleland,	
2001;	Sakai	et	al.,	2001).	For	example,	 the	absence	of	niche	parti-
tioning	 (Wauters,	Gurnell,	Martinoli,	 &	 Tosi,	 2002)	 and	more	 effi-
cient	 resource	 use	 (Kenward	 &	 Holm,	 1993)	 by	 invasive	 eastern	










also	be	 flexible	 in	 novel	 interactions	where	 an	 introduced	 species	
occupies	habitat	similar	to	its	native	range,	which	could	promote	co-
existence	with	native	competitors.
We	 studied	 a	 model	 system	 involving	 interactions	 between	
Abert's	squirrels	(Sciurus aberti)	and	Fremont's	squirrels	(Tamiasciurus 
fremonti)	in	Arizona,	USA,	where	the	species	co‐occur	both	naturally	




squirrels	 introduced	 in	 the	1940s	 (Davis	&	Brown,	1988)	have	es-
tablished	throughout	all	 forested	areas	of	 the	Pinaleño	Mountains	
(Hutton	 et	 al.,	 2003).	 Elsewhere	 in	Arizona,	T. fremonti	 (hereafter,	
red	squirrel)	and	Abert's	squirrels	are	naturally	syntopic	in	zones	of	
overlap	between	preferred	forest	 types	 (Ferner,	1974;	Hall,	1981);	
red	 squirrels	 inhabit	 primarily	 mixed‐conifer	 and	 spruce‐fir	 forest	
(Smith,	 1981),	 and	 Abert's	 squirrels	 are	 typically	 associated	 with	
ponderosa	pine	(Pinus ponderosa)	forest	(Keith,	1965).	Red	squirrels	

















of	 low	 food	production.	 It	 is	 unknown,	 to	what	extent	dietary	 re-
source	partitioning	occurs	in	the	invaded	community	of	the	Pinaleño	
Mountains.	 However,	 the	 source	 population	 for	 Abert's	 squirrel	







and	Abert's	 squirrels.	 Stable	 isotope	 analysis	 is	 a	well‐established	
method	for	understanding	dietary	resource	partitioning	among	car-
nivores	 (Merkle,	 Polfus,	Derbridge,	&	Heinemeyer,	 2017)	 and	her-
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niche	partitioning,	specifically	in	total	proportion	of	fungi	consumed;	
(d)	overlaps	in	diet	proportions	would	be	related	to	variability	in	food	
production;	 and	 (e)	dietary	niche	 interactions	between	MGRS	and	
Abert's	squirrels	would	be	similar	to	those	in	sites	of	natural	syntopy.



























Arizona	 Game	 and	 Fish	 Department.	 We	 used	 a	 combination	 of	
live‐trapping	and	hunting	 to	 remove	Abert's	 squirrels	 from	a	100‐
ha	 treatment	 area	within	 the	MG	 site	 (Figure	1)	 during	2	 removal	
periods,	March‐September	2012	and	2014	(Figure	2).	We	captured	
Abert's	 squirrels	 along	 ≤2	 traplines	 of	 ≤10	 Tomahawk	 wire	 mesh	
live	 traps	 (custom	model	No.	202;	Tomahawk	Live	Trap	Company,	





able.	We	 coordinated	with	 local	 hunters	 to	 remove	 other	 Abert's	
squirrels	and	document	removal	effort.
We	estimated	efficacy	of	removal	by	surveys	of	Abert's	squir-








sects	9	 times	 at	7‐day	 intervals,	May–July,	 2012,	 and	8	 times	 at	
≈14‐day	 intervals,	May‐August	2014.	We	were	unable	 to	 survey	
transects	as	often	in	2014	due	to	time	constraints	related	to	con-







cameras	 to	 “Normal”	 sensitivity	 and	 highest	 image	 resolution	 (8	
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occurred	 in	 a	 single	 image,	 we	 counted	 two	 animals.	 We	 used	
Mann‐Whitney	 U	 tests	 (α	=	0.05)	 to	 compare	 counts	 of	 Abert's	
squirrel	feeding	sign	and	photographs	between	the	treatment	and	
control	areas.



















and	 2014,	 respectively.	We	 used	 Tomahawk	wire	mesh	 live	 traps	
(models	 #201	 and	 custom	 #202;	 Tomahawk	 Live	 Trap	 Company,	
Tomahawk,	WI)	to	capture	squirrels	and	restrained	them	in	a	cloth	
handling	cone.	We	collected	summer‐	and	fall‐growth	dorsum	and	
tail	hair	 samples	 from	MGRS	and	Abert's	 squirrels	 throughout	 the	









under	 a	 ventilation	 hood	 in	 a	 2:1	 chloroform/methanol	 solution	





items	 and	 hairs	 to	 powder	 in	 a	 Wig‐L‐Bug®	 DS‐80	 amalgamator	
(Crescent	Dental	Co.,	Chicago,	IL).	We	agitated	staminate	cones	in-
side	a	clear	plastic	 sample	bag	 to	 separate	pollen	 from	cones.	We	
weighed	1–2	mg	of	all	samples	in	a	DigiWeigh	DWP‐2004	laboratory	
scale	(DigiWeigh	Scales,	Carlisle,	PA).
We	 sent	 samples	 to	 the	 Environmental	 Isotope	 Laboratory	
(Department	of	Geosciences,	University	of	Arizona)	for	analysis	of	
C	and	N	stable	isotopes	on	a	continuous‐flow	gas‐ratio	mass	spec-





repeated	 internal	 standards,	 precision	 was	 better	 than	 ±0.10	 for	
δ13C	and	±0.2	for	δ15N.
2.4 | Stable isotope diet analysis
We	calculated	mean	and	standard	deviation	δ13C	and	δ15N	for	all	diet	
items	and	squirrel	species,	and	used	t‐tests	to	determine	if	diet	items	
and	 squirrel	 species	 were	 isotopically	 distinct	 (α	=	0.05).	 Because	
Abert's	 squirrels	 rarely	 consume	 spruce	 seeds	 (Allred,	 2010;	
Edelman	&	Koprowski,	2005),	we	calculated	separate	δ13C	and	δ15N	
that	omitted	spruce	seeds	from	the	Abert's	squirrel	diet	analysis.	We	
























2.5 | Effect of food production on diet
We	 examined	 the	 relationship	 between	 annual	 variation	 in	 avail-
ability	of	common	diet	 items	and	composition	of	MGRS	and	 intro-
duced	 Abert's	 squirrel	 diets	 by	 taking	 advantage	 of	 the	 fact	 that	
δ13C	 of	 seeds	 and	 mushrooms	 were	 isotopically	 distinct	 –	 seeds	










plots,	 at	 2‐week	 intervals	 over	 12	weeks	 from	 late	 July–October	
each	year	and	quantified	as	dry	weight	kg/ha.
We	used	analysis	of	 variance	 (ANOVA)	 to	 test	 for	 among‐year	







year	 of	 study	 and	dividing	 by	 the	21‐year	 standard	 deviation.	We	
assumed	 that	 because	 mushrooms	 and	 truffles	 formed	 a	 distinct	
δ13C	group	(Figure	3)	and	truffle	production	may	be	somewhat	pro-
portional	to	mushroom	production	(Fogel	&	Hunt,	1979),	our	model	
would	provide	 insight	on	 fungi	availability	 in	general.	We	 included	
the	 covariates	 season	 (summer/fall),	 group	 (before/after	 removal),	










We	 removed	 18	 Abert's	 squirrels	 from	 the	 treatment	 area	 dur-
ing	1,616	trap	hours	and	180	hunting	hours	2012,	and	34	Abert's	
squirrels	from	the	treatment	area	during	2,402	trap	hours	and	201	
hunting	hours	 in	2014	 (Figure	1).	Mean	presence	of	Abert's	 squir-
rel	feeding	sign	was	reduced	in	both	years	during	removal,	although	
not	 significantly	 between	 treatment	 (x̄=0.50,	 SD	=	1.10)	 and	 con-
trol	area	transects	(x̄=1.00,	SD	=	0.82)	in	2012	(W	=	29,	p	=	0.307);	
however,	 transects	did	differ	 in	2014	 (W	=	10,	p	=	0.020)	with	 less	
feeding	sign	on	treatment	(x̄=1.00,	SD	=1.32)	compared	to	control	
(x̄=2.56,	SD	=	1.55)	area	transects	(Figure	4a,	b).
From	 ≈26,000	 camera	 hours	 following	 the	 2012	 removal,	 we	
recorded	43	and	14	Abert's	squirrels	on	the	treatment	and	control	
area	 transects,	 respectively.	 From	 ≈35,000	 camera	 hours	 during	
the	2014	removal,	we	recorded	25	and	73	Abert's	squirrels	on	the	
treatment	 and	 control	 area	 transects,	 respectively	 (Figure	 5a,	 b).	







We	 collected	 110	 and	 71	 hair	 samples	 from	MGRS	 and	 Abert's	
squirrels,	 respectively,	 at	 the	 MG	 site,	 and	 7	 from	 INS	 Abert's	
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squirrels,	and	47	from	red	and	Abert's	squirrels	at	the	SF	and	WM	
sites	(Table	1).	From	71	samples,	δ13C	and	δ15N	of	diet	items	were	
different	 for	≥1	 isotope	 in	most	 comparisons,	but	epigeous	 fungi	
were	 not	 isotopically	 distinct	 from	 phloem	 or	 pollen	 (Figure	 3);	




inference	on	single	diet	 items,	 it	 is	 recommended	over	discarding	
known	diet	items	from	analysis	(Phillips	et	al.,	2014).	We	commonly	




3.3 | Stable isotope diet analysis
Mount	Graham	red	squirrel	diets	consisted	of	≥60%	conifer	seeds	
and	≤40%	fungi,	pollen,	and	phloem	in	fall	and	summer,	while	Abert's	























From	2011‐2014,	conifer	seed	production	(x̄	=	181.2/m2; SD = 212.1; 
F3,32 = 21.9; p	<	0.001)	 and	 mushroom	 production	 (x̄	=	5.8	kg/ha;	
SD = 5.4; F3,32 = 7.29; p	<	0.001)	differed	among	years.	Final	models	





F I G U R E  4  Presence	of	Abert's	squirrel	feeding	sign	along	eight	50‐m	transects	in	treatment	and	in	control	areas	during	experimental	
removals	of	Abert's	squirrels	between	March‐September	2012	(a)	and	2014	(b)	in	the	Pinaleño	Mountains,	Arizona,	USA











availability,	 and	dietary	niche	 interactions	 resembled	 those	of	 the	
naturally	co‐occurring	populations	at	the	SF	and	WM	sites.
Our	 results	 from	monitoring	 of	 removal	 success	 provided	 evi-


















Overall,	 our	 results	 demonstrate	 the	 potential	 for	 flexibility	 in	
resource	 partitioning	 according	 to	 variation	 in	 food	 production	
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(Nakano	 et	 al.,	 1999).	 Introduction	 to	 the	 Pinaleño	 Mountains	 in	
the	1940s	likely	represented	a	niche	opportunity	(Shea	&	Chesson,	
2002)	 for	 Abert's	 squirrels	 because	 high	 resource	 availability,	
especially	 at	 lower	 elevations	 where	 MGRS	 were	 rare	 or	 absent,	
allowed	 a	 positive	 rate	 of	 increase.	 Even	 in	 areas	 of	 syntopy	with	
MGRS,	 a	 combination	 of	 resource	 availability	 and	 niche	 flexibility	
may	have	facilitated	coexistence.	Direct	costs	of	invasion	for	MGRS	
do	not	appear	to	arise	from	reduced	foraging	opportunities,	but	di-












tively.	 Because	 mushrooms	 were	 isotopically	 identical	 to	 phloem	
and	 pollen,	 we	were	 unable	 to	 quantify	 their	 individual	 contribu-
tions	to	niche	partitioning.	However,	phloem	is	a	rare	food	item	for	
MGRS	 (Froehlich,	 1990)	 and	 common	 for	 Abert's	 squirrels	 (Keith,	
1965),	 thus	 any	proportion	of	 phloem	 that	 provided	nutrition	 and	
contributed	to	δ13C	and	δ15N	of	Abert's	squirrels	likely	represented	
partitioning.
Abert's	 squirrels	 spend	much	of	 the	earliest	period	of	 summer	
consuming	pollen	(Keith,	1965)	and	it	may	have	been	the	most	abun-
dant	 food	source	 for	Abert's	squirrels	at	 the	MG	site	before	 fungi	
production	followed	summer	rains	in	early	July.	Climate	change	has	
caused	milder	winters	 and	 earlier	 springs	 in	many	 alpine	 environ-
ments,	and	reduced	snow	cover	along	with	altered	phenology	of	diet	








Mean SD Mean SD
MG	red 110 −18.93 0.80 3.90 1.23
SF	red 10 −19.41 0.57 3.51 0.76
WM	red 17 −19.45 0.52 6.50 2.13
Abert's 71 −19.34 0.85 4.02 1.08
INS	Abert's 7 −19.86 0.64 6.6 1.43
SF	Abert's 14 −19.80 0.41 7.41 1.07
WM	Abert's 6 −18.83 0.43 4.55 0.64
Red	seeds 12 −21.37 1.59 0.55 1.01
Abert's	seeds 6 −20.34 1.12 0.41 0.74
Truffles 10 −24.45 1.25 5.88 2.45
Mushrooms 16 −23.93 1.62 −0.23 1.97
Phloem 19 −25.68 1.14 −1.17 2.92










(a) Fall mean (95% CI) diet estimates
Seeds Truffles Mushrooms/phloem
MGRS2011−2014 85 0.66	(0.60,	0.71) 0.25	(0.21,	0.29) 0.09	(0.04,	0.15)
Abert's2011−2014 46 0.52	(0.47,	0.57) 0.31	(0.27,	0.35) 0.17	(0.12,	0.23)
INS	Abert's2014 7 0.27	(0.11,	0.41) 0.62	(0.46,	0.78) 0.11	(0.01,	0.28)
SF	red2014−2015 5 0.58	(0.33,	0.83) 0.17	(0.03,	0.35) 0.25	(0.04,	0.50)
SF	Abert's2016 14 0.27	(0.17,	0.36) 0.68	(0.59,	0.78) 0.05	(0.00,	0.14)
WM	red2014−2015 5 0.30	(0.04,	0.59) 0.60	(0.19,	0.89) 0.10	(0.00,	0.37)
WM	Abert's2014 6 0.55	(0.41,	0.69) 0.32	(0.20,	0.45) 0.13	(0.01,	0.29)
Squirrelyear n
(b) Summer mean (95% CI) diet estimates
Seeds Truffles Mushrooms/pollen
MGRS2013−2014 25 0.60	(0.49,	0.73) 0.09	(0.03,	0.16) 0.31	(0.19,	0.42)
Abert's2011−2014 25 0.30	(0.22,	0.38) 0.24	(0.17,	0.32) 0.46	(0.37,	0.55)
SF	red2015 5 0.51	(0.24,	0.79) 0.19	(0.05,	0.35) 0.30	(0.05,	0.56)
WM	red2014 12 0.42	(0.29,	0.56) 0.51	(0.36,	0.65) 0.06	(0.00,	0.20)
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sources	 favors	 species	 able	 to	 expand	 their	 latitudinal	 and	 eleva-
tional	geographic	ranges	 (Williams,	Henry,	&	Sinclair,	2015).	When	
introduction	of	exotic	species	to	novel	environments	coincides	with	
phenological	 changes	 that	 benefit	 the	 invader,	 ecologically	 similar	
native	 species	may	be	displaced	 (Gidoin,	Roques,	&	Boivin,	2015),	
and	 this	 has	 been	 demonstrated	 in	 tree	 squirrels	 (Di	 Febbraro,	
Martinoli,	Russo,	Preatoni,	&	Bertolini,	2016).	Abert's	squirrels	have	
likely	benefitted	from	increasingly	milder	winters	during	75	years	in	




aration	may	 be	 that	 they	 were	 able	 to	 partition	 the	 conifer	 seed	
component	of	dietary	niche.	Spruce	cones,	with	thin	scales	and	tiny	
seeds,	and	white	pine	cones,	with	coarse,	resin‐drenched	scales	and	




including	 other	mammals	 (Brown	&	 Lieberman,	 1973)	 and	 species	









across	 sites	 were	 consistent	 with	 the	 experimental	 results.	 Red	
squirrels	 and	 Abert's	 squirrels	 in	 syntopy	 appear	 to	 consume	 dif-
ferent	proportions	of	 conifer	 seeds	and	 fungi.	This	 is	 further	 sup-
ported	by	the	relative	contributions	of	seeds	to	WM	and	SF	Abert's	
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squirrel	 diets.	 Red	 squirrel	 density	 was	 low	 (≈0.1/ha)	 where	WM	
Abert's	squirrels	were	sampled,	but	higher	(≈0.3/ha;	J.	J.	Derbridge	
&	J.	L.	Koprowski,	unpublished	data)	where	SF	Abert's	squirrels	were	





aggressive	 territorial	 species	 coexist	 with	 submissive	 species,	 but	
the	 latter	 species	 is	 restricted	 in	 abundance	 and	 to	 less‐preferred	
food	(Savolainen	&	Vepsäläinen,	1988).
The	hypothesis	that	dietary	niche	partitioning	facilitated	coex-
istence	was	 further	 supported	 by	 our	 carbon	 index	models.	 The	




vation	 following	 this	 crop	 failure	 (Smith,	 1968b),	 but	 the	 strong	
influence	 of	mushrooms	 represented	 by	 a	 negative	 estimate	 (i.e.	
depleted	δ13C)	in	our	availability	model	confirms	this	diet	item's	im-
portance	in	a	highly	variable	environment.	When	the	largest	cone	
crop	during	 the	 study	 occurred	 the	 following	 year,	 conifer	 seeds	
Period‐area n
(a) Removal 1 Fall mean (95% CI) diet estimates
Seeds Truffles Mushrooms/phloem
Before‐control 9 0.67	(0.54,	0.79) 0.28	(0.18,	0.39) 0.05	(0.00,	0.16)
Before‐treatment 13 0.67	(0.57,	0.77) 0.29	(0.21,	0.37) 0.04	(0.00,	0.12)
After‐control 11 0.70	(0.54,	0.86) 0.16	(0.06,	0.26) 0.15	(0.02,	0.29)
After‐treatment 15 0.78	(0.65,	0.91) 0.14	(0.04,	0.24) 0.08	(0.00,	0.20)
(b)	Removal	2	Fall	mean	(95%	CI)	diet	estimates
Before‐control 10 0.58	(0.41,	0.77) 0.12	(0.02,	0.23) 0.30	(0.13,	0.45)
Before‐treatment 9 0.58	(0.40,	0.78) 0.18	(0.03,	0.34) 0.24	(0.05,	0.44)
After‐control 11 0.43	(0.30,	0.56) 0.45	(0.35,	0.56) 0.12	(0.01,	0.25)
After‐treatment 7 0.45	(0.26,	0.64) 0.35	(0.22,	0.50) 0.21	(0.03,	0.39)
(c)	Removal	2	Summer	mean	(95%	CI)	diet	estimates
Before‐control 5 0.70	(0.45,	0.92) 0.10	(0.01,	0.24) 0.20	(0.02,	0.43)
Before‐treatment 8 0.63	(0.42,	0.86) 0.11	(0.01,	0.23) 0.26	(0.05,	0.47)
After‐control 3 0.43	(0.06,	0.83) 0.15	(0.01,	0.43) 0.42	(0.05,	0.80)
After‐treatment 9 0.52	(0.31,	0.74) 0.10	(0.01,	0.23) 0.38	(0.17,	0.58)










TA B L E  4  Models	estimated	to	explain	variation	δ13C	of	Mount	
Graham	red	squirrels	(a)	and	introduced	Abert's	squirrels	(b)	in	the	
Pinaleño	Mountains,	Arizona,	USA,	2011–2014
Model K AIC ΔAIC AICwt
(a)	Mount	Graham	red	squirrels
c + m + s + g 6 211.35 0.00 0.54
c + m + s + g + a 7 212.56 1.22 0.29
c + m + s + g + a + sx 8 214.64 3.29 0.10
c + m + s + g + a + sx + (g*a) 9 215.70 4.36 0.06
(b)	Abert's	squirrels
c + m + s + g + a 7 134.31 0.48 0.48
c + m + s + g + a + sx 8 135.53 0.26 0.74
c + m + s + g 6 136.20 0.19 0.93
c + m + s + g + a + sx + (g*a) 9 138.12 0.07 1.00
Notes.	We	used	 linear	models	with	 conifer	 seed	production	 (c),	mush-
room	production	(m),	season	(s),	group	(g),	area	(a),	sex	(sx),	and	an	inter-









Estimate SE t‐value p‐value
(a)
(Intercept) −19.127 0.101 −190.113 0.000
Conifer	seeds 0.230 0.143 1.608 0.111
Mushrooms −0.845 0.134 −6.293 0.000
Group 0.449 0.171 2.622 0.010
Season 0.368 0.158 2.329 0.022
(b)
(Intercept) −19.605 0.155 −126.550 <0.001
Conifer	seeds 0.583 0.198 2.952 0.004
Mushrooms −0.304 0.171 −1.785 0.079
Group 0.604 0.298 2.027 0.047
Sex 0.400 0.152 2.632 0.011
Season −0.706 0.152 −4.651 <0.001
Note.	Additional	covariates	were	included	to	help	explain	variation	in	the	
main	response.
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contributed	 the	 largest	proportions	 to	diets	of	both	 species.	The	
relative	enrichment	 in	δ13C	of	Abert's	squirrels	demonstrated	the	
introduced	 species’	 ability	 to	 exploit	 the	 resource	 opportunity	
of	 abundant	 seed	production.	The	 contrasting	 years	 and	diet	 es-
timates	 suggest	 resource	 partitioning	 reduced	 competition	 for	
conifer	 seeds	 when	 in	 limited	 supply,	 and	 that	 seed	 production	
maintained	 the	 introduced	 Abert's	 squirrel	 population	 in	 good	
years.	Similar	patterns	of	coexistence	based	on	dietary	niche	sep-


















Other	 components	 of	 ecological	 niche	 overlap	 may	 differ	
among	 populations	 and	 provide	 evidence	 MGRS	 are	 negatively	
affected	 by	 introduced	 Abert's	 squirrels.	 Niche	 theory	 predicts	
per‐capita	growth	rates	to	be	limited	by	gains	from	resource	con-
sumption	and	 losses	 from	maintenance	 requirements,	 and	native	
species	could	be	competitively	excluded	if	they	have	higher	main-
tenance	 requirements	 than	 ecologically	 similar	 invaders	 (Shea	 &	
Chesson,	 2002).	 In	 the	 Pinaleño	 Mountains,	 resources	 support	
invasive	 Abert's	 squirrels	 whose	 presence	 likely	 increases	main-
tenance	 requirements	 for	MGRS	because	 they	 are	 forced	 to	 de-




recently	 demonstrated	 by	 a	 removal	 experiment	where	 elevated	
glucocorticoid	 concentrations	 in	 Eurasian	 red	 squirrels	 dropped	
following	removal	of	 invasive	eastern	gray	squirrels	 in	Lombardy,	
Italy	(Santicchia	et	al.,	2018).













resource	availability	 for	Abert's	 squirrels	whose	 introduced	pop-
ulation	in	the	Pinaleño	Mountains	is	central	to	the	species’	native	









We	 thank	multiple	 field	 technicians	 and	 students	 associated	with	
the	 Mount	 Graham	 red	 squirrel	 monitoring	 program.	 M.	 Merrick	
and	 V.	 Greer	 deserve	 special	 recognition	 for	 field	 assistance.	 J.A.	
Merkle	and	E.	Zylstra	for	statistical	advice.	This	research	was	sup-
ported	 by	 grants,	 long‐term	 and	 in‐kind	 support	 to	 JLK	 from	 the	
Arizona	Game	and	Fish	Department,	University	of	Arizona,	Arizona	
Agricultural	 Experiment	 Station,	 USDA	 Forest	 Service,	 and	 to	
JJD	 from	the	American	Society	of	Mammalogists	Grants	 in	Aid	of	
Research,	and	T&E	Conservation	Biology	Grants.	All	field	work	was	
conducted	 under	 University	 of	 Arizona	 Institutional	 Animal	 Care	






CONFLIC T OF INTERE S T
None	declared.
AUTHOR CONTRIBUTION




DATA ACCE SSIBILIT Y
The	 raw	 data	 relevant	 to	 all	 analyses	 in	 this	 manuscript	 were	 ar-
chived	with	Dryad	under:	https://doi.org/10.5061/dryad.966ff04.
ORCID
Jonathan J. Derbridge  https://orcid.org/0000‐0003‐3074‐3166 
4076  |     DERBRIDGE anD KOPROWSKI
R E FE R E N C E S
Abramsky,	Z.,	&	Sellah,	C.	 (1982).	Competition	 and	 the	 role	of	 habitat	




heat‐induced	 tree	mortality	 reveals	 emerging	 climate	 change	 risks	
for	forests.	Forest Ecology and Management,	259,	660–684.	https://
doi.org/10.1016/j.foreco.2009.09.001



















Chesson,	 P.	 (2000).	 Mechanisms	 of	 maintenance	 of	 species	 diversity.	
Annual Review of Ecology and Systematics,	31,	343–366.	https://doi.
org/10.1146/annurev.ecolsys.31.1.343
Connell,	 J.	 H.	 (1980).	 Diversity	 and	 the	 coevolution	 of	 competitors,	
or	 the	 ghost	 of	 competition	 past.	Oikos,	 35,	 131–138.	 https://doi.
org/10.2307/3544421
Davidson,	 D.	 W.	 (1977).	 Species	 diversity	 and	 community	 organiza-








stable	 isotope	mixing	models	 to	 estimate	wolf	 diet	 in	 a	multi‐prey	
ecosystem.	 The Journal of Wildlife Management,	 76,	 1277–1289.	
https://doi.org/10.1002/jwmg.359
Di	 Febbraro,	 M.,	 Martinoli,	 A.,	 Russo,	 D.,	 Preatoni,	 D.,	 &	 Bertolini,	 S.	
(2016).	Modelling	the	effects	of	climate	change	on	the	risk	of	inva-




central	 Arizona.	 The Journal of Wildlife Management,	 67,	 622–633.	
https://doi.org/10.2307/3802719
Edelman,	 A.	 J.,	 &	 Koprowski,	 J.	 L.	 (2005).	 Diet	 and	 tree	 use	
of	 Abert’s	 squirrels	 (Sciurus aberti)	 in	 a	 mixed‐conifer	 for-
est.	 The Southwestern Naturalist,	 32,	 490–492.	 https://doi.
org/10.1894/0038‐4909(2005)050[0461:DATUOA]2.0.CO;2
Farentinos,	R.	C.	(1972).	Social	dominance	and	mating	activity	in	the	tas-
sel‐eared	squirrel	(Sciurus aberti ferreus). Animal Behaviour,	20,	316–
326.	https://doi.org/10.1016/S0003‐3472(72)80053‐8
Ferner,	J.	W.	(1974).	Habitat	relationships	of	Tamiasciurus hudsonicus	and	
Sciurus aberti	 in	 the	Rocky	Mountains.	The Southwestern Naturalist,	
18,	470–473.	https://doi.org/10.2307/3670306
Fitak,	 R.	 R.,	 Koprowski,	 J.	 L.,	 &	 Culver,	 M.	 (2013).	 Severe	 reduc-
tion	 in	 genetic	 variation	 in	 a	 montane	 isolate:	 The	 endangered	
Mount	 Graham	 red	 squirrel	 (Tamiasciurus hudsonicus grahamensis). 
Conservation Genetics,	 14,	 1233–1241.	 https://doi.org/10.1007/
s10592‐013‐0511‐x
Fogel,	R.,	&	Hunt,	G.	 (1979).	Fungal	and	arboreal	biomass	 in	a	western	
Oregon	 Douglas‐fir	 ecosystem:	 Distribution	 patterns	 and	 turn-
over. Canadian Journal of Forest Research,	 9,	 245–256.	 https://doi.
org/10.1139/x79‐041




ation‐specialist	herbivore	interactions.	Journal of Animal Ecology,	84,	
396–406.	https://doi.org/10.1111/1365‐2656.12303
Gurnell,	 J.,	 Wauters,	 L.	 A.,	 Lurz,	 P.	 W.	 W.,	 &	 Tosi,	 G.	 (2004).	
Alien	 species	 and	 interspecific	 competition:	 Effects	 of	 intro-
duced	 eastern	 grey	 squirrels	 on	 red	 squirrel	 population	 dy-




Herbold,	 B.,	 &	 Moyle,	 P.	 B.	 (1986).	 Introduced	 species	 and	 va-
cant	 niches.	 The American Naturalist,	 128,	 751–760.	 https://doi.
org/10.1086/284600
Hutton,	 K.	 A.,	 Koprowski,	 J.	 L.,	 Greer,	 V.	 L.,	 Alanen,	M.	 I.,	 Schauffert,	
C.	A.,	Young,	P.	J.,	&	Jones,	C.	A.	 (2003).	Use	of	mixed‐conifer	and	
spruce‐fir	 forests	 by	 an	 introduced	population	of	Abert's	 squirrels	





Britain.	A	phytotoxic	explanation.	Proceedings of the Royal Society of 
London B: Biological Sciences,	251,	187–194.
Koprowski,	J.	L.	(2002).	Handling	tree	squirrels	with	an	efficient	and	safe	
restraint.	Wildlife Society Bulletin,	30,	101–103.





catastrophic	 forest	 damage.	Biological Conservation,	126,	 491–498.	
https://doi.org/10.1016/j.biocon.2005.06.028
Koprowski,	J.	L.,	King,	S.	R.	B.,	&	Merrick,	M.	J.	(2008).	Expanded	home	
ranges	 in	 a	 peripheral	 population:	 space	 use	 by	 endangered	 Mt.	





Environmental and Health Studies,	50,	307–321.
Layne,	J.	N.	(1954).	The	biology	of	the	red	squirrel,	Tamiasciurus hudson‐
icus loquax	 (Bangs),	 in	central	New	York.	Ecological Monographs,	24,	
227–268.	https://doi.org/10.2307/1948465
Logan,	 J.	 A.,	 Régnière,	 J.,	 &	 Powell,	 J.	 A.	 (2003).	 Assessing	 the	 im-
pacts	 of	 global	 warming	 on	 forest	 pest	 dynamics.	 Frontiers 
in Ecology and the Environment,	 1,	 130–137.	 https://doi.
org/10.1890/1540‐9295(2003)001[0130:ATIOGW]2.0.CO;2
Lomolino,	M.	V.,	 &	Channell,	 R.	 (1995).	 Splendid	 isolation:	 Patterns	 of	
geographic	 range	 collapse	 in	 endangered	 mammals.	 Journal of 
Mammalogy,	76,	335–347.	https://doi.org/10.2307/1382345
Merkle,	J.	A.,	Polfus,	J.	L.,	Derbridge,	J.	J.,	&	Heinemeyer,	K.	S.	 (2017).	
Dietary	 niche‐partitioning	 among	 black	 bears,	 grizzly	 bears	 and	
     |  4077DERBRIDGE anD KOPROWSKI





Mooney,	H.	A.,	&	Cleland,	E.	E.	 (2001).	The	evolutionary	 impact	of	 in-
vasive	species.	Proceedings of the National Academy of Sciences,	98,	
5446–5451.	https://doi.org/10.1073/pnas.091093398
Nakano,	S.,	Fausch,	K.	D.,	&	Kitano,	S.	(1999).	Flexible	niche	partitioning	
via	 a	 foraging	mode	 shift:	 A	 proposed	mechanism	 for	 coexistence	
in	stream‐dwelling	charrs.	Journal of Animal Ecology,	68,	1079–1092.	
https://doi.org/10.1046/j.1365‐2656.1999.00355.x
Nash,	D.	J.,	&	Seaman,	R.	N.	(1977).	Sciurus aberti. Mammalian Species,	80,	
1–5.	https://doi.org/10.2307/3503958








mixing	models	in	food‐web	studies.	Canadian Journal of Zoology,	92,	
823–835.	https://doi.org/10.1139/cjz‐2014‐0127
Pulliam,	H.	R.	(1986).	Niche	expansion	and	contraction	in	a	variable	en-
vironment.	American Zoologist,	 26,	 71–79.	 https://doi.org/10.1093/
icb/26.1.71






cies.	Annual Review of Ecology and Systematics,	32,	305–332.	https://
doi.org/10.1146/annurev.ecolsys.32.081501.114037
Santicchia,	 F.,	 van	 Dantzer,	 B.,	 Kesteren,	 F.,	 Palme,	 R.,	 Martinoli,	 A.,	
Ferrari,	 N.,	 &	Wauters,	 L.	 A.	 (2018).	 Stress	 in	 biological	 invasions:	
Introduced	invasive	grey	squirrels	increase	physiological	stress	in	na-
tive	Eurasian	red	squirrels.	Journal of Animal Ecology,	87,	1342–1352.	
https://doi.org/10.1111/1365‐2656.12853
Savolainen,	 R.,	 Vepsäläinen,	 K.,	 &	 Vepsalainen,	 K.	 (1988).	 A	 competi-
tion	 hierarchy	 among	 boreal	 ants:	 Impact	 on	 resource	 partition-
ing	 and	 community	 structure.	 Oikos,	 51,	 135–155.	 https://doi.
org/10.2307/3565636
Sax,	D.	F.,	&	Gaines,	S.	D.	(2008).	Species	invasions	and	extinction:	The	
future	of	native	biodiversity	on	 islands.	Proceedings of the National 
Academy of Sciences,	 105,	 11490–11497.	 https://doi.org/10.1073/
pnas.0802290105
Sax,	D.,	Stachowicz,	 J.,	Brown,	 J.,	Bruno,	 J.,	Dawson,	M.,	Gaines,	S.,	…	
Mayfield,	M.	(2007).	Ecological	and	evolutionary	insights	from	spe-
cies	invasions.	Trends in Ecology & Evolution,	22,	465–471.	https://doi.
org/10.1016/j.tree.2007.06.009
Shea,	K.,	&	Chesson,	P.	(2002).	Community	ecology	theory	as	a	frame-
work	for	biological	invasions.	Trends in Ecology & Evolution,	17,	170–
176.	https://doi.org/10.1016/S0169‐5347(02)02495‐3
Smith,	C.	C.	 (1968a).	The	adaptive	nature	of	 social	organization	 in	 the	





Smith,	M.	C.	 (1968b).	Red	 squirrel	 responses	 to	 spruce	 cone	 failure	 in	
interior	Alaska.	The Journal of Wildlife Management,	32,	305–317.
Smith,	R.,	Mooney,	K.,	&	Agrawal,	A.	(2008).	Coexistence	of	three	spe-




Merritt,	&	D.	A.	Zegers	(Eds.),	Ecology and Evolutionary Biology of Tree 
Squirrels	(pp.	185–194).	Martinsville,	VA:	Virginia	Museum	of	Natural	
History	Special	Publication	6.
Steele,	M.	A.	 (1998).	Tamiasciurus hudsonicus. Mammalian Species,	586,	
1–9.	https://doi.org/10.2307/3504443
Vitousek,	 P.	M.,	Mooney,	H.	A.,	 Lubchenco,	 J.,	&	Melillo,	 J.	M.	 (1997).	
Human	 domination	 of	 Earth's	 ecosystems.	 Science,	 277,	 494–499.	
https://doi.org/10.1126/science.277.5325.494
Vucetich,	 J.	A.,	&	Waite,	 T.	A.	 (2003).	 Spatial	 patterns	 of	 demography	
and	genetic	processes	across	the	species'	range:	Null	hypotheses	for	
landscape	conservation	genetics.	Conservation Genetics,	4,	639–645.
Wauters,	 L.,	 Gurnell,	 J.,	 Martinoli,	 A.,	 &	 Tosi,	 G.	 (2002).	 Interspecific	
competition	 between	 native	 Eurasian	 red	 squirrels	 and	 alien	 grey	
squirrels:	Does	 resource	partitioning	occur?	Behavioral Ecology and 
Sociobiology,	52,	332–341.
Williams,	A.	P.,	Allen,	C.	D.,	Millar,	C.	I.,	Swetnam,	T.	W.,	Michaelsen,	J.,	
Still,	 C.	 J.,	 &	 Leavitt,	 S.	W.	 (2010).	 Forest	 responses	 to	 increasing	
aridity	and	warmth	 in	the	southwestern	United	States.	Proceedings 





How to cite this article:	Derbridge	JJ,	Koprowski	JL.	
Experimental	removals	reveal	dietary	niche	partitioning	
facilitates	coexistence	between	native	and	introduced	species.	
Ecol Evol. 2019;9:4065–4077. https://doi.org/10.1002/
ece3.5036
